We have isolated from a Lambda-gt 11 library a human cDNA clone with one open reading frame of about 2400 bases. A stretch of about 350 amino acids in the deduced amino acid sequence is up to 40 percent identical with parts of the known amino acid sequences of E.coli and yeast glutaminyl (Gln)-tRNA synthetase. The isolated cDNA sequence corresponds to an internal section of a 5500 bases long mRNA that codes for a 170 kDa polypeptide associated with Gln-tRNA synthetase. Thus, the human enzyme is about three times larger than the E.coli and two times larger than the yeast Gln-tRNA synthetase. The three enzymes share an evolutionarily conserved core but differ in amino acid sequences linked to the N-terminal and C-terminal side of the core.
INTRODUCTION
Aminoacyl-tRNA synthetases play a central role in protein biosynthesis by catalyzing the aminoacylation of tRNAs with cognate amino acids. In most cases this reaction involves the synthesis of an aminoacyl adenylate followed by the transfer of the aminoacyl group to the 3'-end of tRNA. In spite of the generality of this reaction scheme aminoacyl-tRNA synthetases are widely diverse in their molecular masses, their subunit composition and amino acid sequences (recently reviewed by Schimmel, ref.nr.1) . Exceptions are short regions of similar amino acid sequences which are found at comparable locations in several synthetases with different amino acid specificities.
These similarities include short regions around a version of the HIGH (His-Ile-Gly-His) motif, the "signature" sequence (1, 2) , found quite frequently in an N-terminal section of several bacterial and yeast synthetases. These sequences are thought to be required for nucleotide binding, an elementary C) I R L Press Limited, Oxford, England. reaction of the aminoacylation pathway (3) .
But except for these short regions of homology the individual synthetases are so different that their evolution from a common ancestor would be rather unlikely. In contrast, at least some synthetases with identical amino acid specificities appear to be evolutionarily conserved between bacteria and yeast (1) . This may indicate that a synthetase with a given amino acid specificity developed early in the history of life and remained relatively constant throughout evolution. To further support this concept it would be interesting to obtain the amino acid sequences of synthetases from higher eukaryotes.
We have isolated from a human cDNA library a clone, termed PZ cDNA, about 2.4 kilobases (kb) in length. The deduced amino acid sequence includes regions which are up to 50 percent identical with the N-terminal two thirds of the bacterial and with a large internal section of the yeast Glutaminyl-(Gln)-tRNA synthetase (4, 5) . These regions contain the HIGH motif, a possible nucleotide binding fold of several E.coli and yeast synthetases.
However, Northern blottings showed that the PZ sequence is located within a 5.5 kb long mRNA. Antibodies, raised against the bacterially expressed products of the PZ cDNA, react with a 170 kDa protein, w4hich was found to be associated with Gln-tRNA synthetase activity. Our findings indicate that a human Gln-tRNA synthetase resides on a polypeptide of about 1500 amino acids and is thus much larger than the bacterial and yeast enzymes which are composed of 551 and 809 amino acids, respectively (4, 5 (6) . The mRNA was purified by two cycles of chromatography on oligo-dT-cellulose (Sigma) (7) . cDNA was prepared using M-MLV reverse transcriptase (BRL), RNase H and E.coli DNA polymerase I (Stehelin) in a modified version of the procedure of Gubler & Hoffman (8) . The cDNA was methylated with Eco RI methylase (New England Biolabs), ligated to Eco RI linker and cloned into the Eco RI site of lambda gt 11 (Promega) (9) .
Antibodies against a crude preparation of DNA polymeraseO( (10) were raised in rabbits. Purified IgG of these sera were used to screen the expression cDNA library by a modification of the procedure of Huynh et al. (11) . For detection of immunoreactive clones we used a biotin-streptavidin system with peroxidase-conjugated streptavidin for the colour reaction (Amersham).
Sequencing and computer analysis: DNA restriction fragments were subcloned in M13mp18 and M13mpl9. Sequencing of these subclones was by the dideoxymethod of Sanger et al. (12) .
Computer analysis of the DNA sequence was carried out using the programs FASTP and ALIGN of the BSA program library and the main frame IBM 4381 computer at the German Cancer Research Centre, Heidelberg. Selection of overlapping clones: Overlapping cDNA clones were isolated according to Maniatis (13) (14) . Bacteria were grown at 30°C in LB medium (13) 10% B-mercaptoethanol), boiled and centrifuged to remove insoluble materials. The supernatant proteins were separated by polyacrylamide gel electrophoresis (17) .
For activity analysis protein A sepharose (Pharmacia) was used to precipitate the immunocomplex. The pellet was washed twice with TMN-buffer (5OmM Tris-HCl; pH 7.5; 5mM MgCl2 and 50mM NaCl) and resuspended in the reaction mix for tRNA-synthetase activity.
Glutaminyl-tRNA synthetase activity: Synthetase activity was determined by charging of tRNA with radioactive amino acid. The reaction mixture contained in a final volume of 50ul 50mM Tris-HCl; pH 7.6; 25mM KC1; 5mM MgCl2; 2.5mM ATP; 5 mg/ml calf liver-tRNA (Boehringer); 0.5uM ( 3H)glutamine (39 Ci/mmol) or 3.5uM( 14C)-glutamine (285 mCi/mmol). Incubation was for 15 min at 37°C. The reaction was stopped by spotting aliquots onto 3MM paper (Whatman) and precipitation in trichloroacetic acid.
Northern blotting: RNA of HEL cells was prepared according to Favaloro et al. (18) . Total RNA or poly A +-RNA, prepared by chromatography on oligo-dT-cellulose, was separated on formaldehyde-agarose-gels according to Thomas (19 The degree of identity between the three enzymes, shown in Fig.l , is too high to be fortuitous. Thus, it was quite likely that the PZ cDNA contained indeed the coding sequence of the human Gln-tRNA synthetase. To investigate this possibility we first tried to identify the mRNA from which the PZ-cDNA was derived. We found that the PZ-cDNA hybridized to a single, 5.5 kb long mRNA from HeLa and other human cell lines (Fig.2) (Fig.3) . Thus, the protein sequence of Fig.1 is co(ded for by a centrally located portion of the mRNA.
A 5.5 kb mRNA has the capacity to code for a protein that is about 3 times larger than the E.coli and 2 times larger than the yeast Gln-tRNA synthetase (4, 5) . Moreover, the molecular mass of mammalian Gln-tRNA synthetase has been reported to be around 95 kDa (21) . Thus, the PZ containing 5.5 kb mRNA appea- (3) and proteins from HeLa cells after 100,000 xg centrifugation (4) were seperated by polyacrylamide gel electrophoresis and transferred to nitrocellulose filters. The filters were incubated with PZ antibodies (PZ), or with rabbit preimmune serum -(PIS) and stained as described in Methods.
C-terminal part, containing the PZ encoded polypeptide, was isolated from induced bacteria and purified to homogeneity by affinity chromatography on IgG-columns (14) .
Antibodies, raised against the purified fusion protein in rabbits (PZ antibodies),were used to identify PZ encoded proteins in cytosolic extracts from several human cell lines. This was done by immunostaining of electrophoretically separated proteins transferred to nitrocellulose filters ("Western blotting"). Our results clearly showed a specific staining of a 170 kDa polypeptide which was present in each one of the three cell lines investigated (Fig.4) .
Using To find out which of the immunoprecipitable polypeptides corresponded to the PZ encoded protein we performed an immunoprecipitation experiment, exactly like that shown in Fig. 5A , but transferred the electrophoresed polypeptides to a nitrocellulose filter for immunostaining. We found that only the 170 kDa polypeptide reacted with the PZ antibodies (Fig.5B ). This result indicated that the smaller polypeptides, seen in the autoradiogram of the immunoprecipitates (Fig.5A) Fig. 6 Immunoprecipitable Gln-tRNA synthetase activity. Proteins, extracted from HeLa cells, were incubated on ice with PZ antibodies in the concentrations indicated above. After 60 min, the immunocomplexes were precipitated with protein A-Sepharose. The entire sepharose pellet was resuspended in the reaction mixture described under Materials and Methods. The aminoacylation of tRNA was assayed in the immunopellet (.) and in the supernatant remaining after immunoprecipitation (o) using radioactively labeled glutamine. Note that the sum of the enzymatic activities (x) in the immunopellet and in the supernatant did not add up to 100 percent. A possible explanation is that the polyclonal PZ antibodies include activities directed at epitopes in the active center of the enzyme. Antibodies with this specificity would inhibit the aminoacylation reaction whereas antibodies directed against other parts of the protein are innocuous.
The 100 percent value in our assay system corresponds to 11 pmole glutamine transferred to trichloroacetic acid precipitable tRNA after 15 min at 370C using 90 ug of unfractionated protein extract under the conditions described under Methods.
The nature of the other immunprecipitatable polypeptideE
is not yet known.
The data of Fig.5 the activity of the enzyme in specific immunoprecipitates using calf liver tRNA as substrates in an aminoacylation assay and found activities transferring labeled glutamine (Fig.6) as well as labeled isoleucine (not shown) to tRNA. The precipitable enzymatic activity increased with increasing antibody concentrations whereas the supernatants were depleted of comparable enzymatic activity (Fig.6 ). These findings support our conclusion that the PZ sequence codes for a section of the human cell Gln-tRNA synthetase and, furthermore, that this enzyme is closely associated with Ile-tRNA synthetase.
DISCUSSION
We have isolated a 2.4 kb cDNA clone (PZ-cDNA) which is very likely a complementary copy of a mRNA coding for a cytoplasmic human Gln-tRNA synthetase. This conclusion is based mainly on two findings: (i) the available nucleotide sequence allows the prediction of a polypeptide chain with striking homologies to parts of the known E.coli and yeast Gln-tRNA synthetases; (ii) antibodies, prepared against the PZ encoded protein, specifically precipitate a Gln-tRNA synthetase activity from the cytosols of human cells. Yet, the human enzyme has a molecular mass of about 170 kDa and is thus about three times larger than the E.coli and two times larger than the yeast Gln-tRNA synthetase (4, 5) . It is also larger than the molecular weight of rabbit and sheep Gln-tRNA synthetase which were previously reported to be around 95 kDa (21) . The lower molecular weight is probably due to proteolytic degradation during the preparation. In unpublished experiments we have treated cytosolic cell extracts with limited amounts of trypsin and were able to stain additional polypeptides of 120 and 95 kDa in Western blottings with PZ antibodies (not shown). The PZ reading frame encodes a sequence of almost 800 amino acids which corresponds to only approximately one half of the total human Gln-tRNA synthetase but includes a region homologous to two thirds of the E.coli enzyme. The homologous part of the human synthetase, about 380 amino acids long (Fig. 1) , may be considered to be the enzyme core (1,3) which is essential for the charging of tRNA. It has been noted before that a sequence of 300-350 amino acids may be quite sufficient for this elementary function of an aminoacyl-tRNA synthetase (3, 23) .
Thus, the core of the Gln-tRNA synthetase was conserved throughout evolution, being very similar in organisms as distantly related as bacteria, yeast and humans. However, the three enzymes differ in sequences linked to the core region. Both, the yeast and the human enzymes have extensions of about 200 amino acids on the N-terminal side of the core. The N-terminal extensions may not be necessary for the enzymatic activity as yeast mutants with large deletions in this region have been constructed and found to be viable (24) . However, the available sequence data show that the N-terminal regions of the yeast and the human enzyme are not similar (unpublished data). It is therefore not possible to say yet whether the N-terminal extension of the human Gln-tRNA synthetase may similarily dispensable for enzymatic function. In addition to the N-terminal extension the human enzyme has a sequence of about 500 amino acids linked to the C--terminal end of the core (Fig.7) . This is probably a feature of Gln-tRNA synthetases from other mammalian species as a 5.5 kb mRNA, hybridizing to the PZ cDNA, was also found in monkey and mouse cells (unpublished). The additional, C-terminal sequences must therefore perform a function important for mammalian Gln--tRNA synthetases.
What could this function be? A characteristic feature of some mammalian aminoacyl-tRNA synthetases is their organisation as a high molecular weight complex which may be composed of uip to nine or ten different enzymes including Gln-tRNA synthetase (reviewed in ref. nr.25 and 26 ). These complexes may be anchored to the endoplasmic reticulum, possibly in functional proximity to sites involved in protein synthesis (27, 28) .
We have shown that the 170 kDa enzyme, reacting with PZ antibodies, coprecipitates with several other polypeptides. Two of the coprecipitated proteins could be identified as tRNA syntethase, namely Ile-tRNA synthetase and Leu-tRNA synthetase. The presence of these proteins in high molecular weight complexes was independently confirmed by sucrose gradient centrifugation showing that the 170 kDa polypeptide sedimented as a broad peak of more than 20 S (not shown) in agreement with similar results of others (25, 26) .
It has been postulated that a hydrophobic domain, linked to the enzyme core, may be responsible for complex formation (25, 26) . It appears quite possible that the long C-terminal extension of the human Gln-tRNA synthetase contains this domain. This view is supported by recent work on mammalian His-tRNA synthetases. This enzyme is not part of a high molecular weight complex but appears to occur in an unassociated form in the cytoplasm (26) . The mammalian His-tRNA synthetase shares regions of amino acid similarities with the corresponding enzymes from E.coli and yeast. However, it is composed of only 508 amino acids (29) , not much different from the E.coli and cytoplasmic yeast His-tRNA synthetases which are composed of 424 and 526 amino acids, respectively (30, 31) . Thus, mammalian synthetases which are not components of the high molecular weight complex may be similar in size to their prokaryotic counterparts and lack a large C-terminal extension.
Finally, the antibodies, used to isolated the PZ cDNA clone, were prepared against a DNA polymeraseo preparation obtained by conventional column chromatography (10) . This preparation as well as three other conventional polymerase preparations from three different laboratories contained the 170 kDa synthetase polypeptide. In fact, the presence of an aminoacyl-tRNA synthetase activity in a polymerase preparation has been described some time ago (32) . We believe, however, that the synthetase was a contaminant which fortuitously copurified with DNA polymerase through several column steps as an essentially homogeneous and fully functional DNA polymerase oX preparation, purified by an immunoaffinity procedure (33), did not contain detectable amounts of Gln-tRNA synthetase (not shown).
